A procedure was developed for the selection of spontaneous mutants of Bacillus stearothermophilus NUB31 that are more efficient than the wild type in the restriction of phage at elevated temperatures. Inactivation studies revealed that two mutants contained a more thermostable restriction enzyme and one mutant contained three times more enzyme than the wild type. The restriction endonucleases from the wild type and one of the mutants were purified to apparent homogeneity. The mutant enzyme was more thermostable than the wild-type enzyme. The subunit molecular weight, amino acid composition, N-terminal and C-terminal amino acid residues, tryptic peptide map, and catalytic properties of the two enzymes were determined. 40:1829, 1981), and studies with mutants of Escherichia coli (13, 25, 28, 30) and phage T4 (7, 11) 
The ability of an organism to thrive at high temperature is a biological phenomenon that has been the focus of much investigation. A majority of the studies have focused on the types of changes in protein structure that affect thermostability. Two very different avenues of investigation were used to reveal the physical and chemical differences between thermostable and thermolabile proteins: comparison of the properties of proteins isolated from organisms with widely different temperature ranges of growth (for reviews see Amelunxen and Murdock [2, 3] , also reference 4 and F. C. Wedler, G. K. Farrington, and D. T. Merkler, Fed. Proc. 40:1829, 1981) , and studies with mutants of Escherichia coli (13, 25, 28, 30) and phage T4 (7, 11) in which the thermostability of an enzyme is markedly affected by a single mutational event.
Comparative biochemical investigations on proteins isolated from mesophilic and thermophilic sources have revealed that the intrinsic thermostability of most proteins is not related to the gross structural properties of these proteins. One conclusion based on these studies is that thermostability can be achieved by the cumulative effect of many amino acid substitutions throughout the protein without a significant change in conformation. Unfortunately, comparative studies do not discriminate between those changes concerned with thermostability and those associated with phylogenetic differences.
Studies with mutant enzymes that differ from the wildtype enzyme by a single amino acid have shown that these substitutions can markedly affect thermostability without disturbing the tertiary structure of the protein. A decrease or increase in the thermostability of an enzyme, however, cannot always be correlated with the substitution of a specific amino acid. A more serious problem is that many of the mutant proteins also exhibited reduced catalytic activity.
In summary, we do not have a clear understanding of how a protein adapts structurally and functionally to high temperature.
A direct correlation of the thermostability of a protein with a unique amino acid sequence can be accomplished with a set of structurally related polypeptides that differ from each other only in their thermostabilities. One way of accomplishing this is to experimentally evolve thermostable forms of an enzyme so that any difference in the primary structure of the wild-type and the mutant enzymes would most likely be related to thermostability. The approach is similar to that used for the evolution of bacterial strains with the ability to metabolize novel growth substrates (for review, see Wu [27] ). If a bacterial strain contained an enzyme that is relatively thermolabile at or near the highest temperature for growth, then continuous growth of this strain at high temperature under appropriate selective conditions might select for mutants containing a more thermostable form of the enzyme.
Restriction endonucleases were selected for these studies because preliminary studies revealed that, in many strains of thermophilic bacilli, these enzymes are inactivated in vitro at temperatures considerably below the upper temperature for growth. The existence of relatively thermolabile enzymes in thermophiles probably indicates that, in vivo, either they are protected by other factors or there has been no evolutionary pressure for the selection of the thermostable phenotype. The rationale for the selection procedure assumes that because the restriction enzyme in the wild-type cell is not active or exhibits reduced activity at the higher growth temperature, infecting phage are not restricted. In contrast, mutant cells containing a more thermostable enzyme can restrict the infectious phage DNA and escape infection.
This paper reports the details of the selection procedure The straip (NUB31) used in this investigation was isolated from soil by classical enrichment techniques and was identified as B. stearothermophilus by standard physiological and biochemical criteria (9, 20) . Strain NUB31 grows between 42 and 72°C, with optimal growth between 63 and 65°C, and contains a type II restriction and modification system. The restriction endonuclease, designated Bst 31, is an isoschizomer of BstEII (19) .
Bacteriophages were assayed by the agar overlay procedure described by Welker and Campbell (24) , using LB top agar (0.75%) and LB bottom agar (1.5%).
The bacterial strains and phage used in this study are listed in Table 1 migrating fragment was determined either by measuring the area under the peak or by weighing the chart paper under the tracing.
The extent of digestion, measured as an increase in the amount of the smaller fragment, was proportional to enzyme concentration up to 30 ng/ml (60% digestion). Complete digestion was obtained at enzyme concentrations of 2,000 to 4,000 ng/ml. At 20 ng of enzyme per ml, restriction activity was linear up to at least 20 min. Units of enzyme activity were determined by measuring the initial velocity using amounts of enzyme that resulted in the digestion of 60% or less of native TP-1C DNA in 15 min. All assays were run in duplicate. The accuracy of the restriction assay was ±5%. A unit of Bst 31 activity was defined as the amount of enzyme necessary to cleave 1 ,ug of TP-1C DNA in 1 h under standard assay conditions.
Protein was determined with the Bio-Rad Protein Assay dye reagent (Bio-Rad Laboratories, Richmond, Calif.) as described in the product literature. Bovine serum albumin was used as the standard.
Working buffers used for enzyme assay and stability studies were prepared at the temperature'of intended use.
PAGE. Proteins were analyzed by nondenaturing polyacrylamide gel electrophoresis (PAGE) using a modification of the technique described by Weber and Osborne (23) . Protein samples in PED buffer (5 to 10 ,ug) were concentrated to 100 lI by reverse dialysis against dry polyethylene glycol (molecular weight range, 15,000 to 20,000), and glycerol and bromophenol blue were added to a final concentration of 25 and 0.01%, respectively. Samples were loaded onto tube gels (10 by 0.6 cm) of 10% acrylamide, and electrophoresis was run at 4 mA per gel at 50C until the tracking dye was within 1 cm of the bottom of the gel. Each sample was run in duplicate. One gel was stained with Coomassie brilliant blue R (0.1% in 50% methanol and 10% acetic acid) and destained with 7.5% acetic acid-5% methanol. The other gel was sliced into 3-mm segments. The segments were macerated in 0.5 ml of PED buffer, held overnight at 5°C, and assayed for restriction endonuclease activity.
PAGE in the presence of sodium dodecyl sulfate (SDS) was used to determine the subunit molecular weight of the proteins. The technique used was identical to that described for nondenaturing PAGE, except that 0.1% SDS was added to the gel and buffer. Before electrophoresis, samples and standards were held at 100°C for 3 min in the presence of 0.1% SDS and 0.5% 2-mercaptoethanol. Bromophenol blue and glycerol were added to a final concentration of 0.01 and 20%, respectively, and electrophoresis was carried out at 8 mA per gel. Gels were stained with Coomassie blue and destained as described previously.
Glycerol gradient velocity sedimentation. The native molecular weight of Bst 31 and Bst 31hs-I was determined by glycerol gradient velocity sedimentation using the technique described by Catterall and Welker (5) . A 100-pul sample of enzyme (2 ,ug of protein) in PED buffer containing 10% glycerol was loaded on the top of a 20 to 40% glycerol gradient in 4-ml Beckman polyallomer centrifuge tubes. Centrifugation was carried out at 55,000 rpm in a Beckman SW-56 rotor for 24 h at 3°C. Duplicate gradients were prepared for each enzyme and sedimentation marker mixture. Fractions (0.15 ml) were collected from the bottom of each tube and assayed for restriction endonuclease activity.
Sedimentation coefficients and molecular weight estimates were determined by the method of Martin and Ames (16) from the positions of bovine hemoglobin (S20,w = 4.3; molecular weight, 65,500), rabbit muscle lactate dehydrogenase (S20,w = 7.3; molecular weight, 130,400), and bovine liver catalase (S20,w = 11.15; molecular weight, 244,000) when sedimented as a mixture under the same conditions. Isoelectric focusing in polyacrylamide gels. Isoelectric points were determined by the method described by Levy and Welker (15) . Gels (10 by 0.6 cm) of 7.5% acrylamide contained Ampholine (2%; pH 3 to 10; LKB Produktur). A 50-pul sample of enzyme (5 to 10 pug of protein) in PED buffer containing 25% glycerol was loaded onto each gel and overlaid with 100 p.l of an ampholyte (2%)-glycerol (10%) solution. Electrophoresis was carried out at 100 V for 1 h and at 300 V for 4 h. Gels were sliced into 3-mm segments, and each segment was macerated into 0.5 ml of water. After 24 to 48 h at 5°C, the pH and restriction endonuclease activity were measured.
Amino acid analysis. The amino acid composition of each enzyme was determined by a modification of the procedure of Heinrikson and Meridith (12) . Enzyme samples were reduced and carboxymethylated by the procedure of Gracy (10) Amino and carboxyl end group determination. Amino-terminal residues were determined by a modification of the procedure described by Tarr (21 Carboxy-terminal residues were determined by the procedure described by Narita et al. (17) Table 1 ). The thermostability of Bst 31 in crude extracts of the wild-type and the mutant strains is shown in Table 3 . Bst 31 of NUB312 and NUB313 was more stable to inactivation by heat than the wild-type enzyme. Bst 31 of NUB312 appeared to exhibit a higher degree of stability than the enzyme of NUB313. NUB314 contained Bst 31 with a thermostability similar to that of the wild-type enzyme. This strain, however, contained approximately three times more enzyme than the wild type. Additional studies on the catalytic properties of this enzyme are required to establish whether the increased level of Bst 31 activity is a result of the overproduction of enzyme or a mutant enzyme having altered catalytic properties. The relative thermostability of Bst 31 in the wild-type and mutant strains did not change when enzyme inactivation was measured at a higher (1 mg/ml) or lower (10 ,ug/ml) protein concentration or after the addition of bovine serum albumin (500 ,ug/ml). The thermostability of Bst 31 isolated from the wild-type and mutant strains grown at 69°C (values in parentheses, Table 3 ) was similar to that of the enzyme isolated from cells of each strain grown at 55°C. The amount of enzyme detected in the 69°C-grown cells, however, was always less, probably because of in vivo inactivation. These results indicate that strains NUB312 and NUB313 are able to restrict phage at elevated temperatures because they contain a more thermostable restriction enzyme.
The physiological, biochemical, and morphological characteristics, temperature range for growth, antibiotic resistance, and phage sensitivity (six different phages) of the mutants were identical to those of the wild type. These results indicate that the mutants are not thermophilic contaminants.
The in vivo thermostability of Bst 31 in the mutants was determined by comparing the efficiency ofplating ofnonmodified phage on each strain at various temperatures ( Purity of the endonuclease preparations was determined by nondenaturing PAGE (Fig. 1) . A single protein-staining band was observed for each enzyme. Duplicate gels cut into 3-mm segments showed that the restriction activity coincided with this band.
Properties of Bst 31 and Bst 31hs-1. (i) Thermostability. The effect of preincubation at different temperatures on the activity of each enzyme is shown in Fig. 2 . The enzymes were stable at temperatures between 22 and 60°C. Incubation at 65°C resulted in a 30% inactivation of Bst 31, whereas Bst 31hs-1 was not inactivated. Incubation at 70°C resulted in a 85 and 55% inactivation for Bst 31 and Bst 31hs-4, respectively. These results indicate that the relative difference in thermostability between the two enzymes can be demonstrated at temperatures between 60 and 70°C.
The thermostability of each enzyme was measured at 65°C (Fig. 3) . The time when 50% of the initial activity remained (t112) was 17 and 83 min for Bst 31 and Bst 31hs-1, respectively. The t1/2 values for Bst 31 (17 to 21 min) and Bst 31hS-1 (68 to 75 min) in cell-free extracts were similar to those for the purified enzymes. These results indicate that the thermostability of the two enzymes is not affected by extrinsic factors. The relative thermostability of each enzyme in cell-free extracts, in purified preparations, and within the in vivo environment of the cell does not vary significantly. One interpretation of these results is that intracellular interactions may not play a major role in protecting Bst 31 from heat inactivation.
(ii) Native and subunit molecular weight. A single proteinstaining band was observed when Bst 31 and Bst 31hs-1 were analyzed by SDS-PAGE (Fig. 4) . The subunit molecular weights of Bst 31 and Bst 31hs-1 were found to be 30,500 and 36,900, respectively. The molecular weight of the enzymes was estimated by glycerol gradient velocity sedimentation. Figure 5 shows the profile of each enzyme as a function of volume from the meniscus (equivalent to distance of migration). Two major peaks of restriction activity were observed for each enzyme. All of the restriction activity of each enzyme was recovered in the two peaks. The sedimentation coefficients of the marker proteins were determined by linear regression analysis of the migration distances (r = 0.983 (Table  6) . The values are the average of duplicate analyses for each of three samples for each hydrolysis time. Serine and threonine values were calculated by extrapolation to zero hydrolysis time. Tryptophan and amide nitrogen were not determined. Bst 31 and Bst 31hs-1 were composed of approximately 295 and 349 amino acid residues, respectively. The enzymes did not contain any detectable half-cysteine. The integral number of residues lying within the limits of error calculated from the standard deviation of the mean was found for the 16 amino acids. Threonine and tyrosine of Bst 31 and aspartate and lysine of Bst 31hs-1 were the only amino acids for which there was only one possible integer lying within the limits of error. Bst 31hS-1 contains a total of 54 additional amino acid residues, and of these 27 are aspartate, 11 are glutamate, and 8 are tyrosine. Taking into account the integral number of residues lying within the limits of error for these three amino acids, the values for aspartate, glutamate, and tyrosine are 26 to 28, 8 to 15, and 8 to 9, respectively. It is likely that some of the glutamate and aspartate residues are actually glutamine and asparagine. The small difference in the number of residues for the other amino acids between the two enzymes is within the limits of error.
Using the average of the molecular weights calculated from the 16 amino acids, we obtain a value of 30,600 ± 700 and 37,400 ± 500 for the mean molecular weights of Bst 31
and Bst 31hs-1, respectively. and reproduced onto a Xerox transparency. The elution profiles were compared, peaks due to impurities in the reagents and buffer were identified, and the similarities in the peptide fractions of each enzyme were determined. We identified at least 40 major peptide fractions in Bst 31 and 44 in Bst 31hs-1. The theoretical number of peptides based on the number of arginine and lysine residues in each enzyme is 34 ± 2. Incomplete tryptic digestion at arginyl or lysyl residues that are poor substrates for trypsin can account for the number of peptides detected being greater than the predicted number. Yuan et al. (29) isolated 26 tryptic peptides from horse heart cytochrome c, 4 more than predicted from the arginine and lysine content of the protein, with six regions of the protein represented by more than one peptide. The elution profile, retention times, and relative peak areas of the major peptide fractions of the two enzymes are similar, with the following exceptions (identified in Fig. 6 Alternative procedures, such as cleavage of each enzyme with chymotrypsin and treatment with cyanogen bromide, were examined, but chymotrypsin digestion gives more peptides than trypsin, and the cyanogen bromide-generated peptides were insoluble in the HPLC buffers.
We conclude from these results, however, that there is a high degree of sequence homology between the two enzymes. (v) Amino and carboxyl end groups. The amino-terminal residue of each enzyme was isoleucine with a yield of approximately 30% after a single cycle of Edman degradation. After carboxypeptidase digestion of Bst 31 for 9 h, all amino acids were detected except proline. The highest initial rate of release after 1 h of digestion was 30.5 pmol/h for leucine and 11.3 pmol/h for threonine. A quantitative recovery of both amino acids was obtained after 9 h of digestion. In contrast, alanine was the only amino acid released from Bst 31hs-1 after carboxypeptidase digestion for 9 h. After 3 h of digestion, a quantitative recovery of alanine was observed. Failure to recover the penultimate amino acid may be due to the presence of a prolyl residue in the antepenultimate position or to the presence of an amino acid residue which is a relatively poor substrate for carboxypeptidase.
(vi) Isoelectric point. A single protein-staining band was observed for each enzyme with an isoelectric point (pl) of 6.6 to 6.9 and 6.0 to 6.5 for Bst 31 and Bst 31hs-1, respectively The subunit molecular weights of the thermolabile and thermostable forms of this enzyme were 33,500 and 36,000, respectively. A comparison of the amino acid composition of the two enzymes revealed that the thermostable form contained twice as many lysine residues as the thermolabile form, and the thermolabile form contained 2.5 times more arginine residues than the thermostable form. A comparison of the N-terminal sequence (18 amino acids) of the two enzymes revealed a 55% homology (5% of the total sequence). Pederson and Goodman (18) detected two forms of oa-galactosidase in B. stearothermophilus AT-7 grown at 58°C. These enzymes had different catalytic properties, and the subunit molecular weights for the thermolabile and thermostable forms were 84,000 and 81,000, respectively. In the absence of data to the contrary, the most acceptable explanation for the synthesis of two distinct forms of these enzymes is that there is more than one gene that encodes for the same enzyme.
There was no change in the thermostability of Bst 31 and Bst 31hS1 isolated from cells of cultures grown at 45, 55, or 69°C. If the two forms of Bst 31 are encoded by separate genes, they are not regulated by growth temperature. Preliminary studies with Bst 31hs-2 have revealed that this enzyme is also more thermostable than the wild-type enzyme, but less thermostable than Bst 31hs-1. In addition, the subunit molecular weight of Bst 31hs-2 is also larger than that of the wild-type enzymne but smaller than that of Bst 31hs-1. Cell extracts of strains NUB311, NUB312, and NUB312 were subjected to glycerol gradient sedimentation, and the subunit molecular weight of each enzyme was determined as described. The molecular weights of Bst 31, Bst 31hs-1, and Bst 31hS-2 were found to be 29,900, 36,500, and 33,400, respectively. If the mutant enzyme were encoded by a second gene, each mutant would have the identical thermostability and subunit molecular weight. Since the two mutant enzymes appear to have different properties, one would need to postulate yet another gene for Bst 31.
A change in the termination codon of the Bst 31 gene would result in the biosynthesis of a larger polypeptide. This would occur either by a point mutation in the termination codon or by a deletion or insertion in the region of the termination codon. If this were the mechanism, one would predict that the mutant enzyme would be larger than the wild-type enzyme and that the two enzymes would haye the same N-terminal residues, different C-terminal residues, and similar tryptic peptide maps except for those peptides in the C-terminal region. Other mechanisms such as gene rearrangement, change in an otherwise normal posttranslational modification mechanism (e.g., proteolytic cleavage), or posttranscriptional processing of mRNA could also be involved. Insights into the mechanism responsible for the evolution of the mutant enzyme will be obtained by the cloning and sequencing of the genes encoding for the wild-type and mutant enzymes.
Our results indicate that the evolution of a more thermostable form of Bst 31 can occur in B. stearothermophilus NUB31 by a mechanism other than a point mutation that results in a single amino acid substitution. This thermophilic bacterium could have evolved a unique mechanism for the rapid conversion of relatively thermolabile proteins into their thermostable forms, or this mechanism could be just one of several available to all thermophilic bacteria.
The molecular basis for the higher thermostability of the mutant enzyme has not been addressed in this study. The extra glutamate, aspartate, and tyrosine residues detected in the mutant enzyme could form additional ion pair bonds and hydrophobic or hydrogen bond interactions, resulting in an increased thermostability. A determination of the amino acid sequence and the three-dimensional structure of the two enzymes will provide insights as to the molecular basis for the increased thermostability in the mutant enzyme.
